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The nature of mobility of ions and water molecules in dilute aque-
ous solutions of electrolytes (at most fifteen water molecules per
ion) is investigated. It is shown that the behavior of the mobility
coefficients of water molecules and ions, as well as the self-diffusion
coefficients of water molecules, are determined by the radii of their
hard shells rather than by the effect of the hydrogen bond net-
work. It is established that the influence of hydration effects on
the density of the system and the self-diffusion coefficients of water
molecules does not exceed several per cent. Based on microscopic
concepts, it is shown that the different behaviors of a K+ cation
and an F− anion with equal rigid radii are in good agreement with
specific features of the intermolecular interaction described by the
generalized Stillinger–David potential [1, 2].
1. Introduction
For today, a substantial body of information is accumu-
lated on the thermal motion of water molecules and ions
in water electrolyte solutions (see [3–13]). Now, of inter-
est is the experimental study of the kinetic and electro-
physical properties of electrolytes. The specific features
of motion of water molecules and ions have a certain
effect on the thermodynamic properties of liquids and
liquid systems [14]. The study of a structure and a char-
acter of thermal molecular motion in electrolytes with
the help of the quasielastic scattering of slow neutrons
T a b l e 1. Self-diffusion coefficients of water molecules
in water solutions of singly charged electrolytes [5]
LiBr(30) LiI(24.8)
𝐷
(𝑤)
𝑠 × 105, cm2/s 2.3 2.18
NaCl(15.9) NaBr(16.5) NaI(16.1)
𝐷
(𝑤)
𝑠 × 105, cm2/s 2.14 2.26 2.38
KF(15) KCl(16.1) KBr(16.1) KI(16.4)
𝐷
(𝑤)
𝑠 × 105, cm2/s 1.99 2.44 2.68 2.8
[5–10] and molecular dynamics methods [11–13] acquires
still larger importance.
There also exists a large number of substantial theo-
retical works [15, 16] devoted to the description of prop-
erties of electrolytes. The main efforts in them are con-
centrated on the adequate allowance for hydration ef-
fects and the correct reflection of the role of hydrogen
bonds. However, a lot of questions (very simple, at first
sight) remain practically unanswered. A typical example
is peculiarities of the manifestation of hydration effects
depending on the radii of ions and the signs of their
charges.
Let us illustrate this fact by the example concern-
ing the behavior of the self-diffusion coefficients of wa-
ter molecules as functions of the cation and anion sizes.
The corresponding values of the self-diffusion coefficients
𝐷
(𝑤)
𝑠 of water molecules in several dilute solutions of
electrolytes at the temperature 𝑇 = 296 K are given in
Table 1 presenting the dependence of 𝐷(𝑤)𝑠 on the anion
size. The solution concentration in the table is speci-
fied by the number 𝑧𝑤 of water molecules per one ion
(the value of 𝑧𝑤 is given in parentheses near the chem-
ical formula of an electrolyte, for example NaCl(15.9)).
The minimal value 𝑧𝑤 = 15 thus corresponds to the elec-
trolyte concentration equal to 3.3 mole mutual effect of
cations and anions can be neglected to a satisfactory
accuracy. It is also worth adding to the table the self-
diffusion coefficient of water molecules in the CsI(17.4)
solution: 𝐷(𝑤)𝑠 =2.71×105 cm2/s.
We note that, according to [17, 18], the self-diffusion
coefficient of molecules in water at the same temperature
𝑇 = 296 K is equal to
𝐷(𝑤)𝑠 = 2.35× 10−5cm2/s. (1)
The number of hydrogen bonds formed by one
molecule in water at the same temperature is approx-
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imately equal to 𝑛H ≈ 2.5 [19–22]. In this case, the
average distance between water molecules is close to the
hydrogen bond length 𝑙H ≈ 2.8 A˚. Comparing (1) with
the values of the self-diffusion coefficients given in Table
1, one can conclude that the self-diffusion coefficients of
water molecules considerably depend on the combina-
tions of cations and anions even in dilute solutions of
electrolytes.
In this work, we analyze the mobility coefficients of
water molecules as functions of the cation and anion sizes
in the close connection with the behavior of the solution
density. In this way, we try to make certain conclusions
concerning the role of hydration effects in solutions of
electrolytes. In addition, to discover the nature of asym-
metry effects in the interaction of anions and cations
with water molecules, the microscopic ideas about the
character of their interaction are involved. This aspect
of the problem is solved on the basis of the generalized
potential of interparticle interaction proposed in [1,2,23].
2. Dependence of the Self-Diffusion and
Mobility Coefficients of Water Molecules and
the Mobility Coefficients of Ions on Their
Size
To analyze the results presented in Table 1, let us con-
sider how the self-diffusion coefficients of water molecules
in solutions of electrolytes correlate with the radii of dis-
solved ions. The latter are not determined unambigu-
ously, but considerably depend on the method of their
determination. In this connection, we consider the fol-
lowing ionic radii: 1) those found from crystallographic
conceptions; 2) those chosen to favor the correct repro-
duction of the molecular dynamics in solutions of elec-
trolytes by means of computer simulation, and 3) those
estimated from the ion polarization. To make the picture
complete, we consider also the ionic radii determined
from hydrodynamic considerations. The corresponding
results are gathered in Table 2.
In the first row of Table 2, one can see the crystallo-
graphic radii 𝑟c [24]. The second row contains the ionic
radii 𝑟𝜎 found from computer experiments [25] for the
T a b l e 2. Rigid (three upper rows) and Stokes radii
of cations and anions
Li+ Na+ K+ Cs+ F− Cl− Br− I−
𝑟c, A˚ 0.6 0.95 1.33 1.69 1.36 1.81 1.95 2.16
𝑟𝜎 , A˚ 0.76 1.3 1.67 1.94 1.56 2.2 2.27 2.59
𝑟𝛼, A˚ 0.45 1.12 1.41 2.02 1.51 2.33 2.55 2.93
𝑟
(𝜇)
𝑠 , A˚ 2.38 1.84 1.25 1.19 1.66 1.21 1.18 1.19
𝑟
(𝐷)
c , A˚ 1.91 1.88 1.14 1.15 1.77 1.33 1.22 1.35
description of the dispersion (van der Waals) interaction
between ions and water molecules. The ionic radii 𝑟𝛼
determined from the ion polarizations 𝛼 (see Table 3)
according to the formula
𝑟𝛼 = 1.5𝛼
1/3 (2)
are presented in the third row. It is worth noting that, in
the simplest model of an ion presenting it as a conduct-
ing sphere, the polarization is equal to 𝛼 = 𝑟3sph, where
𝑟sph is the sphere radius. With regard for the fact that
a conducting sphere reflects ion properties only approxi-
mately, the coefficient 1.5 in (2) is chosen to provide the
minimum deviation of the ionic radii 𝑟𝛼 from 𝑟c. The
radii 𝑟c, 𝑟𝜎, and 𝑟𝛼 will be called rigid ionic radii.
For the sake of comparison, the fourth and fifth rows
of Table 2 present the Stokes ionic radii determined from
the formulas
𝑟(𝜇)𝑠 =
1
6𝜋𝜂𝜇(𝐼)
(3)
and
𝑟(𝐷)𝑠 =
𝑘B𝑇
6𝜋𝜂𝐷
(𝐼)
𝑠
,
where 𝜇(𝐼) and 𝐷(𝐼)𝑠 stand for the mobility and the
self-diffusion coefficient of ions determined by computer
modeling in [25–27], whereas 𝜂 is the shear dynamic vis-
cosity of electrolyte solutions [28].
An important supplement to these data can be the
Stokes radii of water molecules in electrolyte solutions
gathered in Table 1. They are determined by the formula
𝑟(𝑤)𝑠 =
𝑘B𝑇
6𝜋𝜂𝐷
(𝑤)
𝑠
(4)
and form Table 4 as well. In contrast to 𝑟(𝜇)𝑠 and 𝑟
(𝐷)
𝑠 ,
the values of 𝑟(𝑤)𝑠 practically do not depend on the type
of a dissolved electrolyte, as is worth expecting. At the
same time, the obtained radii 𝑟(𝑤)𝑠 are noticeably smaller
than the hard-sphere radius of water molecules, if identi-
fying the latter with a half of the hydrogen bond length
[29, 30]. Here, it is worth noting that hydrodynamic
concepts can be used only on the scales significantly ex-
ceeding the corresponding molecular ones. That is why
T a b l e 3. Ion polarizations, A˚3 [26]
Li+ Na+ K+ Cs+ F− Cl− Br− I−
0.029 0.179 0.83 2.42 1.04 3.66 4.77 7.1
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we make conclusion that the application of hydrody-
namic conceptions to the self-diffusion process of water
molecules is inconsistent.
One can see that the ionic radii used in the computer
experiment somewhat exceed their crystallographic val-
ues. In the both cases, one observes, however, a
monotonous growth of the cation and anion radii with
increase in masses. The same dependence is registered
for the ionic radii obtained from the ion polarizations.
On the contrary, the Stokes radii of water ions and
molecules demonstrate the opposite behavior. The
largest Stokes radius corresponds to a small Li+ cation,
whereas the least one is observed for an I− anion. There
also exists a certain asymmetry in the behavior of cations
and anions of the same radius. Indeed, the differences in
the Stokes radii of K+ and F− ions, as well as in their
mobilities (see Table 5), significantly exceed the differ-
ences in the values of their rigid radii 𝑟c, 𝑟𝜎, and 𝑟𝛼.
This fact is to a certain extent unexpected. It should be
related to the noticeably different character of the inter-
action of water molecules with K+ and F− ions, as well
as with all other cations and anions. This important
fact is thoroughly analyzed in Section 4 by the example
of K+ and F−.
As follows from Tables 1 and 2, the self-diffusion co-
efficients of water molecules as functions of their rigid
radii satisfy the following regularities:
1) for dilute lithium and sodium solutions of elec-
trolytes, in which 𝑟c < 12 𝑙H, the following inequality
is met: 𝐷(𝑤)𝑠 (el) < 𝐷
(𝑤)
𝑠 . The condition 𝑟c < 12 𝑙H is
evidently violated only for Cs+. In solutions of potas-
sium electrolytes, where 𝑟c(K+) ∼ 12 𝑙H, one observes a
transition from the previous relation between the self-
diffusion coefficients of water molecules to the inequality
𝐷
(𝑤)
𝑠 (el) > 𝐷
(𝑤)
𝑠 ;
2) in solutions of electrolytes with a fixed cation, ex-
cept for lithium ones, the self-diffusion coefficients of wa-
ter molecules grow with the anion radius;
3) in lithium electrolytes, the character of the depen-
dence of 𝐷(𝑤)𝑠 (el) on the anion radius is opposite to the
second conclusion.
With regard for the fact that the concentrations of
different singly charged cations and anions are close to
each other, the differences in the behavior of 𝐷(𝑤)𝑠 (el)
T a b l e 4. Stokes radii of water molecules in solutions
of electrolytes gathered in Table 1
LiBr LiI NaCl NaI KF KCl KBr KI
𝜂 1.009 0.97 0.997 0.957 1.053 0.936 0.917 0.912
𝑟
(𝑤)
𝑠 0.934 1.025 1.015 0.951 1.034 0.949 0.881 0.85
can be caused by the following reasons: 1) geometri-
cal factors and 2) their different effect on the structure
of the local environment (hydration effects). The first
possibility should be discarded, as the geometrical ob-
stacles must decrease with the cation radius, which con-
flicts with experimental data. But a reconfiguration of
the local structure of water in the direct environment
of cations and anions appears more noticeable, as their
rigid radii increase.
Indeed, comparing the values of 𝑟(𝜇)𝑠 , 𝑟
(𝐷)
𝑠 , and 𝑟
(𝑤)
𝑠 ,
one can see that, as the rigid radii of cations and anions
increase, their Stokes radii approach the Stokes radius
of water molecules. It is natural to interpret this fact as
the joint drift of large ions together with water molecules
that enter hydrated shells formed around them. It is
worth noting that the effect of a local reconfiguration of
the solution structure is insignificant, because the rise
or fall of the self-diffusion coefficient of water molecules
usually does not exceed ten per cent and is proportional
to the mole concentration of electrolyte impurities.
3. Analysis of the Hydration Energy of Ions
and the Density of Electrolyte Solutions
The dependence of the Stokes ionic radii on the rigid
sizes of cations and anions is closely related to the phe-
nomenon of the so-called positive or negative ion hydra-
tion [14, 31, 32]. Indeed, according to [33], the sign of
the ion hydration energy is determined by the quantity
Δ𝑊 =𝑊 −𝑊I, where 𝑊 is the average binding energy
of two neighboring water molecules, and 𝑊I is the aver-
age value of their interaction energy in the presence of
ions. An ion close to the neighboring water molecules
results in their additional polarization and an increase
of the attractive forces acting between them. In the ab-
sence of hydrogen bonds, the difference 𝑊 − 𝑊I must
be positive, as the both terms 𝑊 and 𝑊I are nega-
tive. If a cation or an anion partially destroys hydro-
gen bonds, then the absolute value of 𝑊I can become
lower than that of 𝑊 , i.e. the negative sign of Δ𝑊
will testify to the local breakage of the hydrogen bond
T a b l e 5. Mobility coefficients of ions determined
from the conductivity of electrolytes (𝜇c = ?˜?c× 108) [27]
and by computer simulation of the mean-square shift of
an ion (𝜇Γ = ?˜?Γ × 108) and its autocorrelation velocity
function (𝜇𝜐 = ?˜?𝜐 × 108) [25]
Li+ Na+ K+ Cs+ F− Cl− Br− I−
?˜?c 4.01 5.19 7.62 5.7 7.91 8.13 7.96
?˜?Γ 4.75 4.98 7.12 7.32 4.04 6.88 7.2 6.23
?˜?𝜐 4.59 5.02 7.20 7.36 3.85 6.42 6.85 6.27
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network. Table 6 presents the dimensionless combina-
tion Δ?˜? = Δ𝑊/3𝑘B𝑇𝑚 (where 3𝑘B𝑇𝑚 is the energy
of translational thermal motion of two water molecules
at the crystallization temperature 𝑇𝑚 = 273 K) as a
function of the type of ions. Analyzing Table 6, one
can see that Li+ and Na+ cations, whose rigid radii are
less than a half of the hydrogen bond length (i.e. a
half of the average intermolecular distance between wa-
ter molecules), conserve a rather intact structure of the
local hydrogen bond network and intensify the interac-
tion between neighboring molecules. A relatively small
value of Δ𝑊 (Na+) can be interpreted as a consequence
of the more significant bending of hydrogen bonds as
compared to that as a reaction to the introduction of a
small-sized Li+ cation. A K+ cation, whose rigid radius
is close to a half of the hydrogen bond length, causes a
damage of the local hydrogen bond network, which re-
sults in the negative sign of Δ𝑊 . In the same way, one
can explain the negative sign of Δ𝑊 for a Cl− anion.
At the same time, it is worth noting a significant asym-
metry in the behavior of Δ𝑊 for K+ and F− ions having
almost identical rigid radii (see Table 2). The positive
sign of Δ𝑊 (F−) testifies to the fact that an F− an-
ion does not completely break the local configuration
of hydrogen bonds, though significantly deforms it. It is
clearly proved by a relatively small value of Δ?˜? . To our
opinion, the appearance of this asymmetry is caused by
the polarization component of the interaction between
ions and water molecules. The existence of the asymme-
try in the behavior of cations and anions was first noted
in [34, 35].
On the other hand, the role of hydration effects can
be estimated, by analyzing the density of weak solutions
of electrolytes (see Table 7). We must actually estimate
a deviation of the density of the real solution from that
of the ideal one. By definition, an electrolyte solution
can be considered as ideal if the volumes occupied in it
by water molecules and dissolved ions acquire the same
values as in water and electrolyte melts. For such an
electrolyte solution, the following relation must be met:
𝜐(0)w 𝑛w + (𝜐
(0)
c + 𝜐
(0)
a )𝑛el = 1. (5)
Here, 𝑛w and 𝑛𝑒𝑙 denote the number densities of wa-
ter and electrolyte molecules in the real solution, while
𝜐
(0)
w , 𝜐
(0)
c , and 𝜐
(0)
a are the volumes occupied by water
T a b l e 6. Dependence of Δ?˜? on the type of ions [33]
Li+ Na+ K+ F− Cl−
Δ?˜? 3.4 0.06 -4.6 0.52 -2.0
molecules and ions in water and in melted or solid elec-
trolytes. The values of 𝑛w and 𝑛el can be obtained from
the definition of the mass density of an electrolyte solu-
tion:
𝜌 = 𝑚w𝑛w + (𝑚c +𝑚a)𝑛el
and its weight concentration
𝑥 =
(𝑚c +𝑚a)𝑛el
𝑚w𝑛w + (𝑚c +𝑚a)𝑛el
.
Hence,
𝑛w = (1− 𝑥) 𝜌
𝑚w
, 𝑛el = 𝑥
𝜌
𝑚c +𝑚a
. (6)
A real electrolyte solution is described by the relation
similar to (5):
𝜐w𝑛w + (𝜐c + 𝜐a)𝑛el = 1, (7)
though it contains the real volumes occupied by a water
molecule, cation, and anion. That is why a deviation of
the dimensionless combination
𝛿 = 𝜐(0)w 𝑛w + (𝜐
(0)
c + 𝜐
(0)
a )𝑛el − 1 (8)
from zero serves as the measure of adeviation of a water
electrolyte solution from the ideal one. Moreover, pos-
itive values of the non-ideality parameter (𝛿 > 0) will
correspond to the formation of hydrated shells around
ions, in which the water density will be larger as com-
pared to the density of bulk water. Indeed, the formation
of a hydrated shell is accompanied by a decrease of the
volume occupied by a water molecule (𝜐w < 𝜐
(0)
w ). The
variation of the volumes occupied by cations and anions
in weak electrolyte solutions can be neglected.
Let us substitute the following values of the parame-
ters 𝜐(0)w , 𝜐
(0)
c , and 𝜐
(0)
a in (8): 𝜐
(0)
w =
𝑚w
𝜌(0)w
, 𝜐(0)c + 𝜐
(0)
a =
𝑚c +𝑚a
𝜌
(0)
𝑒𝑙
, where 𝜌(0)w and 𝜌
(0)
el are the water and elec-
trolyte densities in the liquid and amorphous states.
With regard for the number densities of water and elec-
trolyte impurities determined by relations (6), Eq. (8)
T a b l e 7. Densities of water electrolyte solutions at
the fixed concentration 𝑥el = 4 wt.
F− Cl− Br− I−
Li+ –0.001
Na+ 0.003
K+ 0.003 0.004
Cs+ 0.005
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takes the form
𝛿 =
𝜌
𝜌
(0)
w
[︃
1 + 𝑥
(︃
𝜌
(0)
w
𝜌
(0)
el
− 1
)︃]︃
. (9)
The non-ideality parameter of a dilute solution can be
interpreted in somewhat another way. Taking into ac-
count that the dominant contribution to 𝛿 is given by a
variation of the volume occupied by one water molecule,
Eqs. (8) and (7) yield: 𝛿 ≈ 𝑛w𝛿𝜐w. So, to an acceptable
accuracy, the non-ideality parameter for a dilute solution
is
𝛿 ≈ 𝛿𝜐w
𝜐
(0)
w
. (10)
The densities of some electrolyte solutions, as well as the
parameters of their non-ideality 𝛿, are given in Tables 7
and 8. It is worth noting that the non-ideality parame-
ters obtained according to formula (9) are averaged over
the number of water molecules surrounding a certain ion.
The change of the relative volume of water molecules in
the first hydrated layer of an ion is larger by a factor of
𝑧w/𝑧1, where 𝑧1 is the number of water molecules getting
to the first hydrated layer.
In particular, the non-ideality parameter for a NaCl
solution at 𝑥el = 4 wt. reaches 𝛿 ≈ 0.003. One
can see that the relatively small values of mobility of
lithium cations and self-diffusion coefficients of water
molecules in lithium electrolytes correspond to negative
non-ideality parameters. This testifies to the fact that
lithium cations do not favor the formation of hydrated
shells around them with densities exceeding that of wa-
ter. In other cases, such hydrated shells are formed. At
the same time, the smallness of 𝛿 is an evidence of the
fact that hydration effects in dilute electrolyte solutions
have a weak effect on their densities.
At relatively small concentrations of electrolytes, the
deviation of a solution from ideality is proportional to
its mole concentration 𝑐 = 𝑚w𝑚c +𝑚a𝑥:
𝛿 ≈ 𝜀 𝑐.
The quantity 𝜀 also can be interpreted as a measure of
non-ideality of a solution. For the above-considered so-
lutions, it lies in the range 0.1 < 𝜀 < 0.5.
T a b l e 8. Non-ideality parameters of the solutions at
the fixed concentration 𝑥el = 4 wt.
F− Cl− Br− I−
Li+ –0.001
Na+ 0.003
K+ 0.003 0.004
Cs+ 0.005
The result described in two previous sections allow
one to conclude that lithium cations do not radically
change the local structure of surrounding water formed
with the help of hydrogen bonds. As a result, their
thermal motion can be considered as a drift in tempo-
rary “cavities”, whose generation is favored by the lo-
cal hydrogen bond network. As the characteristic time
of such drift, one can consider the time of existence
of hexagonal rings in water, which should be identi-
fied, according to [30], with the duration of the set-
tled life of water molecules 𝜏0. The characteristic shift
of a lithium cation can be estimated by the formula
|Δr(Li+)| ∼ √︀6𝐷𝑠(Li+)𝜏0, or |Δr(Li+)| ≈ 𝜐𝑇 (Li+)𝜏0.
The value of 𝜏0 at the temperature 𝑇 = 295 K is approxi-
mately equal to (0.8÷1)×10−12 s [18]. The self-diffusion
coefficient of a Li+ cation is estimated with the use of the
formula 𝐷𝑠(Li+) = 𝑘B𝑇 ?˜?c×108. As a result, the charac-
teristic shift |Δr(Li+)| of a lithium cation during an ele-
mentary diffusion act is equal to |Δr(Li+)| ≈ 2.8× 10−8
cm. The same order of magnitude is characteristic of
the combination 𝜐𝑇 (Li+)𝜏0. This allows one to conclude
that |Δr(Li+)| practically coincides with the average dis-
tance between neighboring water molecules or the size of
a hexagonal ring. A similar conclusion can be also valid
as regards the thermal motion of a Na+ cation. Indeed,
|Δr(Na+)|/ |Δr(Li+)| ∼√︀ ?˜?c(Na+)/ ?˜?c(Li+) ∼ 1.1.
On the other hand, cations and anions, whose rigid
radii exceed a half of the hydrogen bond length (𝑟I >
1
2 𝑙H), destroy the hydrogen bond network around them-
selves and thus move freer. The rigid radii of K+ and
F− ions are approximately equal to a half of the hydro-
gen bond length (𝑟I ≈ 12 𝑙H). That is why the features of
their thermal motion considerably depend on the pecu-
liarities of ion-molecule interaction.
4. Interpretation of the Obtained Results Based
on Microscopic Concepts
To provide a clearer interpretation of the obtained re-
sults, let us apply the microscopic approach, in which
the interaction of water molecules and ions is described
on the basis of the generalized Stillinger–David polariza-
tion potential [2, 23] having the structure
ΦwI = ΦI +ΦII +ΦIII +ΦIV, (11)
where Φ𝑖, 𝑖 = I, II, III, IV are the components of the po-
tential that describe: ΦI – direct Coulomb interaction
with oxygen and hydrogens of a water molecule; ΦII –
the charge-dipole interaction between 1) the ion and oxy-
gen and 2) the ion and hydrogens of a water molecule
ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 9 897
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Fig. 1. Molecular system of coordinates
(it is assumed that oxygen and the ion acquire a dipole
moment due to their polarization); ΦIII – interaction of
the dipole moments of oxygen and the ion, and ΦIV –
repulsion between electron shells of oxygen and the ion.
The explicit form of the contributions ΦI – ΦIV is given
in Appendix.
The positions of ions on equidistant surfaces is deter-
mined by the polar (𝜃) and azimuth (𝜑) angles specified
in the molecular system of coordinates (MSC) (Fig. 1).
It is assumed that oxygen and hydrogens are located in
the plane (𝑥, 𝑦) of the MSC so that the axis 𝑦 coincides
with the bisector of the angle formed by O2− and H+1 ,
H+2 and is directed opposite to hydrogens.
The angular dependence of the energy ̃︀ΦwI (̃︀ΦwI =
ΦwI/ 𝑘B𝑇𝑚, where 𝑇𝑚 = 273 K is the melting tempera-
ture) of interaction between a water molecule and K+,
F− ions with almost coinciding rigid radii (𝑟c(K+) =
1.33 A˚, 𝑟a(F−) = 1.36 A˚ ), is calculated with the help
of formula (11) and depicted in Fig. 2. Considerably dif-
ferent anisotropy characters of the equidistant surfaces of
the interaction of K+ and F− ions with a water molecule
are determined by the different structures of their elec-
tron shells: for K+, the shell is argon-like, whereas it is
neon-like for F−. This is the reason for the noticeably
different polarizations of K+ and F− ions (see Table 3).
At the same time, the situation somewhat simplifies
if ions get to water. This is related to the fact that the
interaction of an ion with surrounding water molecules
is not accompanied by significant changes of the local
arrangement of water molecules. Indeed, the average
distance between molecules of water in a vicinity of its
crystallization point is close to 3 A˚, whereas the sum
of the rigid radii of water molecules is approximately
equal to the hydrogen bond length, 𝑙H ≈ 2.8 A˚. So, the
volume of “empty space” in water is insignificant. The
introduction of K+ and F− ions is actually possible if
they substitute one of the water molecules in local con-
figurations formed, first of all, by hard cores of the latter.
It is worth noting that such cores are close to spheres to
an acceptable accuracy [29, 30]. Hydrogen bonds give
rise to considerable dipole correlations, as well as mul-
tipole correlations of higher order. Moreover, structural
violations in water surroundings will grow with increas-
ing deviations of the cation and anion radii from those
of K+ and F−. Such structural perturbations of water
cannot be interpreted, if one is based only on concepts of
the dominant role of the hydrogen bond network. How-
ever, the analysis based on the averaged intermolecular
interaction between an ion and water molecules is quite
sound. The interaction is naturally averaged due to the
thermal rotation of water molecules. By definition, the
averaged interaction potential 𝐺wI(𝑟) is described by the
formula
𝐺wI(𝑟) =
∫︀ ∫︀
ΦwI(𝑟, 𝜃, 𝜑)𝑒
−𝛽ΦwI sin 𝜃 𝑑𝜃 𝑑𝜑∫︀ ∫︀
𝑒−𝛽ΦwI sin 𝜃 𝑑𝜃 𝑑𝜑
, (12)
where 𝛽 = 1/𝑘B𝑇 . The averaged interaction energy as
a function of the distance between K+ and F− ions and
water oxygen is presented in Fig. 3, where we also show
the asymptotic behavior of the averaged potential of in-
teraction between an ion and a water molecule (dotted
line) that can be calculated in the explicit form.
Indeed, at large distances between an ion and oxygen,
the energy of their interaction is determined by the main
terms of the multipole expansion
ΦwI(𝑟) =
𝑞I(dw · r)
𝑟3
+
+
1
𝑟3
[︂
dw · dI − 3(dw · r)(dI · r)
𝑟2
]︂
+ · · · (13)
which includes the charge-dipole and dipole-dipole in-
teractions. Let the dipole moment of a water molecule
be fixed and change only in direction, while let the ion
dipole moment arise due to its polarization by the elec-
tric field of the water dipole:
dI =
𝛼I
𝑟3
[︂
dw − 3(dw · r)r
𝑟2
]︂
. (14)
Thus, the main contributions to the energy of dipole-ion
interaction take the form:
ΦwI(𝑟) =
𝑞I(dw · r)
𝑟3
+
𝛼I
𝑟6
[︂
d2w + 3
(dw · r)2
𝑟2
]︂
+ · · · . (15)
At sufficiently large distances between a water molecule
and an ion,
exp (−𝛽ΦwI) = 1− 𝛽ΦwI + · · · .
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a b
Fig. 2. Equidistant surfaces (𝑟OI = 4.0 A˚) of the dimensionless energy of interaction ̃︀ΦwI between a water molecule and K+ (а), F− (b)
That is why the asymptotic behavior of 𝐺wI(𝑟) will be
determined by the contributions
𝐺wI(𝑟) = ⟨ΦwI⟩0 − 𝛽⟨Φ2wI⟩0 + · · · , (16)
where the index “0” denotes the averaging over the
isotropic orientation distribution of water molecules.
Combining (14), (15), and (16), it is easy to make sure
that the main contributions to the averaged potential are
determined by the following terms:
𝐺wI(𝑟) = −𝛽 𝑞
2
I d
2
w
𝑟4
+ 2
𝛼Id2w
𝑟6
+ · · · . (17)
One can see that, regardless of the sign of the ion
charge, the averaged interaction between ions and a wa-
ter molecule at large distances is of attractive character.
For singly charged ions, the main asymptotic contribu-
tion (from the charge-dipole interaction) does not de-
pend on the type of ion. At the same time, the second
contribution is not universal: it directly depends on the
polarization of ions.
Particularly, Eq. (17) together with the analysis of
Table 3 make one expecting that, at rather large dis-
tances (𝑟 > 10 A˚) between an ion and a water molecule,
𝐺wF−(𝑟) > 𝐺wK+(𝑟). This conclusion agrees with the
calculation results. At the same time, in the case of
relatively small distances (𝑟 < 10 A˚), the averaged po-
tential of interaction between an F− anion and a water
molecule appears deeper than 𝐺wK+(𝑟) (see Fig. 3), ow-
ing to which an F− anion is less mobile than a K+ cation,
which also completely agrees with the data in Table 5.
Fig. 3. Distance dependence of the averaged potential 𝐺wI(𝑟) of
interaction of a water molecule with K+ (𝛼 = 0.83 A˚3) and F−
(𝛼 = 1.04 A˚3)
5. Discussion of the Results
The study of the transfer processes in dilute solutions
of electrolytes performed in this work allows us to make
the following conclusions: 1) the key role in the forma-
tion of kinetic properties of water electrolyte solutions
(first of all, in the behavior of the mobility coefficients
of ions and water molecules) is played by their hard-core
radii; 2) the standard understanding of the ion motion
in “cavities” formed by the hydrogen bond network is, to
our mind, inconsistent; 3) the hydrogen bond network
in water is not determinative for the character of the ion
drift motion, as the sizes of all cations and anions ex-
ceed those of “cavities” of the local water structure. In
addition, it should be taken into account that a certain
local configuration of water molecules exists only during
the time coinciding with the duration of the settled life
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of molecules 𝜏0 by order of magnitude. Speaking about
the role of hydrogen bonds in the self-diffusion problem,
we actually mean the manifestation of strong orienta-
tion correlations between the dipole moments of water
molecules and multipole moments of higher orders; 4)
the behavior of the mobility coefficients of cations and
anions in water agrees with that of the averaged poten-
tials of interaction between ions and water molecules.
Though this fact is established only for one cation and
one anion, it still can be generalized to all other ions
based on the similarity principle.
Analyzing the density of dilute solutions of elec-
trolytes, one can see that, if one ion is added per approx-
imately 15 water molecules, the change of the relative
volume occupied by one water molecule does not exceed
a half of one per cent. This testifies to the fact that hy-
dration effects are related, first of all, to the variation of
the local orientation ordering of water molecules rather
than to a local change of the density of the system.
The established connection between the behavior of
cations and anions and the behavior of the averaged po-
tential is a result of the existence of thermal rotational
motion of water molecules. This fact is most obviously
manifested in the temperature dependences of the di-
electric relaxation time and the shear viscosity of water.
APPENDIX
Let us consider, in brief, the structure of each contribution to the
energy of interaction between an ion and a water molecule (Eq.
(11)). The first term ΦI [1, 2, 23] determines the direct Coulomb
interaction between an ion (hereinafter denoted by character I)
and oxygen and hydrogens of a water molecule:
ΦI =
𝑗=2∑︁
𝑗=0
𝑞I 𝑞𝑗
𝑟𝑖𝑗
, (D1)
where 𝑞I is the charge of ion I, 𝑗 = 0, 1, 2, the index 𝑗 numbers
the charges of oxygen and hydrogen of the water molecule (𝑗 =
0 corresponds to the charge of oxygen, 𝑗 = 1, 2 – to those of
hydrogens). It is assumed that the charges are measured in units
of the electron charge and 𝑞I = ±𝑛 (𝑛 is the ion charge), 𝑞0 = −2,
and 𝑞1 = 𝑞2 = 1.
The second contribution ΦII determines the potential of inter-
action between the point ion charge and the polarized oxygen of
the water molecule. Oxygen is polarized under the action of the
field of charges of hydrogens in the molecule itself and the charge
T a b l e 9. Parameters of the potential [2, 32] of inter-
action between a water molecule and an ion
𝑏3 𝜌3, A˚−1 𝑏4 𝜌4, A˚−1
K+ 64.54 2.569 4282.4 2.569
𝑏3 𝜌3, A˚−1 𝑏4 𝜌4, A˚−1
F− –11.45 0.4304 63.95 1.042
of the polarized ion I. The polarization of oxygen results in the
appearance of the dipole moment dO that characterizes the degree
of deformation of the oxygen electron shells. The ion is polarized
under the action of the hydrogen field of charges and the charge of
oxygen in the water molecule. The polarization of the ion results
in the appearance of the dipole moment dI characterizing the de-
gree of deformation of the ion electron shells. With regard for the
polarization contribution, one obtains
ΦII =
(dO · rOI)𝑞I
𝑟3OI
[1− 𝐿(𝑟OI)] + (dI · rIO)𝑞O
𝑟3IO
[1− 𝐿(𝑟IO)]+
+
∑︁
𝑗=1,2
(dI · rI𝑗)𝑞𝑗
𝑟3I𝑗
[1−𝐾(𝑟I𝑗)], (D2)
where dO and dI are the dipole moments of oxygen of the water
molecule and the polarized ion I, respectively, whereas 1−𝐿(𝑟) and
1−𝐾(𝑟) are screening functions (see [1,2,23]). The dipole moment
dO is determined in the molecular system of coordinates, whose
origin coincides with the center of mass of oxygen of the water
molecule. The dipole moment dI is determined in the molecular
system of coordinates, whose origin coincides with the center of
mass of the ion. At large distances, the polarization contribution
ΦIII is reduced to the interaction between the polarized oxygen
of the water molecule and the ion charge, as well as between the
polarized ion and the charges of the water molecule.
The component ΦIII describing the dipole-dipole interaction of
the ion and oxygen has the form
ΦIII = Φd(dO,dI)[1−𝐾(𝑟OI/𝑎)], (D3)
where
Φd(d1,d2) =
1
𝑟312
[︂
d1 · d2 − 3(d1 · r12)(d2 · r21)
𝑟212
]︂
,
and [1−𝐾(𝑟OI/𝑎)] is the screening function [2, 23].
The repulsion between the electron shells of the ion and oxygen
of the water molecule is modeled by the exponential functions [2,
23]:
ΦIV =
𝑏3𝑒−𝜌3𝑟IO
𝑟IO
+
∑︁
𝑗=1,2
𝑏4𝑒
−𝜌4𝑟I𝑗
𝑟I𝑗
, (D4)
where 𝑏3 stands for the amplitude of the “ion–oxygen” repulsion
energy, 𝜌3 is the inverse radius of action of the repulsion forces
between the shells of the ion and oxygen, 𝑏4 is the amplitude of
the “hydrogen–ion” repulsion energy, and 𝜌4 is the inverse radius of
action of the repulsion forces between hydrogens and ion electron
shells. Their values are gathered in Table 9.
At distances significantly exceeding the sizes of a water molecule
and the ion, the interaction potential takes the asymptote
Φ→ Φd(dw,dI), (D5)
where dw = dH + dO is the dipole moment of the water molecule
and dH is the contribution made to this moment by hydrogens.
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ОСОБЛИВОСТI РУХУ КАТIОНIВ I АНIОНIВ
В РОЗЧИНАХ ЕЛЕКТРОЛIТIВ
Л.А. Булавiн, I.В. Жиганюк, М.П. Маломуж,
К.М. Панкратов
Р е з ю м е
Дослiджено фiзичну природу рухливостi iонiв i молекул води
у розбавлених водних розчинах електролiтiв, коли на один iон
припадає не бiльше п’ятнадцяти молекул води. Показано, що
поведiнка коефiцiєнтiв рухливостi молекул води i iонiв, а також
коефiцiєнтiв самодифузiї молекул води вирiшальним чином ви-
значається радiусами їх твердих оболонок, а не впливом сiтки
водневих зв’язкiв у системi. Встановлено, що вплив гiдратацiй-
них ефектiв на значення густини системи i коефiцiєнтiв само-
дифузiї молекул води не перевищує кiлькох вiдсоткiв. На осно-
вi мiкроскопiчних уявлень показано, що вiдмiнна поведiнка ка-
тiона K+ та анiона F−, що мають однаковi жорсткi радiуси, до-
бре узгоджується з особливостями мiжмолекулярної взаємодiї,
яка описується узагальненим потенцiалом Стiлiнджера–Девiда
[1, 2].
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